Background--The DENERHTN (Renal Denervation for Hypertension) trial confirmed the efficacy of renal denervation (RDN) in lowering daytime ambulatory systolic blood pressure when added to standardized stepped-care antihypertensive treatment (SSAHT) for resistant hypertension at 6 months.
T he DENERHTN (Renal Denervation for Hypertension) trial showed that renal denervation (RDN) added to standardized stepped-care antihypertensive treatment (SSAHT) lowered blood pressure (BP) more effectively than the same SSAHT alone at 6 months in patients with resistant hypertension confirmed by ambulatory BP monitoring. 1 Considerable between-patient variability in the BP response was observed in both the RDN and control groups, but this variability was greater in the RDN group than in the control group. Male sex, baseline daytime ambulatory systolic BP (SBP), baseline nighttime ambulatory SBP and its standard deviation, changes in daytime ambulatory heart rate, low treatment score, high adherence to SSHAT were independently associated with the BP response, whereas ethnic origin and the number of ablations were not. [1] [2] [3] Nevertheless, identification of predictive factors of BP response to RDN is still necessary to facilitate the selection of patients likely to benefit most from this invasive procedure. 4, 5 The presence of abdominal aortic calcifications (AAC) is associated with greater aortic stiffness 6, 7 and a poorer hemodynamic response to antihypertensive drugs. 8 However,
it is unknown whether the loss of the viscoelastic and biomechanical properties of the aorta associated with AAC also affects the systemic and renal hemodynamic response to RDN in patients with resistant hypertension. A poorer BPlowering response to RDN has been reported in patients with isolated systolic hypertension (ISH), a condition associated with an increase in arterial stiffness. 9, 10 In this post hoc analysis of the DENERHTN study, we hypothesized that the presence of AAC may influence the overall hemodynamic and renal response to RDN plus SSAHT and to SSAHT alone.
Patients and Methods

Study Design
The design of the DENERHTN trial has been described elsewhere and thus will be summarized only briefly. 1 In this PROBE (prospective randomized open blind end point) trial, patients with confirmed essential resistant hypertension; suitable renal artery anatomy, as evaluated by renal computed tomography (CT) angiogram (n=99) or magnetic resonance imaging (MRI; n=7); and an estimated glomerular filtration rate (eGFR) ≥40 mL/min per 1.73 m 2 were randomly assigned, in a 1:1 ratio, to the RDN-plus-SSAHT or the SSAHT-alone group. Before randomization, all eligible patients received 1.5 mg slow-release indapamide, 10 mg ramipril (or 300 mg irbesartan), and 10 mg amlodipine (or 5 mg) daily for 4 weeks, for the confirmation of resistance to treatment by ambulatory BP monitoring. After randomization, we sequentially added 25 mg spironolactone, 10 mg bisoprolol, 5 mg prazosin, and 1 mg rilmenidine daily from months 2 to 5 in both groups if home BP was ≥135/85 mm Hg. We performed a median of 11 (interquartile range: 10-12) renal nerve ablations per patient, with a Symplicity (Medtronic) single-electrode radiofrequency catheter, 2 to 4 weeks after randomization. The primary end point was change in daytime ambulatory SBP at 6 months. The study was approved by the Comit e de Protection des Personnes Ile de France VII (ClinicalTrials.gov identifier: NCT01570777). All participants provided written informed consent for participation in the study.
CT Scans of the Abdominal Aorta
We used the renal and abdominal CT angiograms performed before randomization to measure AAC volume. The same imaging parameters were used for all CT scan acquisitions: 2-mm slices, 120-kV tube voltage, 250-mAs tube current, and pitch 0.984. The reconstruction parameters for axial slices were an effective section thickness of 0.8 mm, a 0.4-mm increment, and an adapted field of view. Only CT scans of the abdominal aorta, not MRI, were used to measure AAC volume. We obtained renal and abdominal 64-slice CT scans before and after the injection of contrast agent, in the head-to-foot direction. Images were obtained for the whole abdominal aorta, from the diaphragm to the iliac bifurcation, and were sent to the imaging core laboratory. AACs were detected with a level-set method constrained by the Hounsfield units of the delineated structures, 11 as a
Clinical Perspective
What Is New?
• The beneficial blood pressure-lowering effect of renal denervation in addition to standardized stepped-care antihypertensive treatment is more pronounced in patients with resistant hypertension and a low abdominal aortic calcification burden and is accompanied by stability of estimated glomerular filtration rate.
• Conversely, those with a high abdominal aortic calcification burden do not seem to benefit from an additive effect of renal denervation and standardized stepped-care antihypertensive treatment.
What Are the Clinical Implications?
• The ambulatory blood pressure reduction with renal denervation is clinically meaningful in patients with low abdominal aortic calcification burden and may help to decrease cardiovascular morbidity and mortality if maintained long term.
• Renal denervation may be more effective in younger patients with a low abdominal aortic calcification burden, justifying new clinical trials for milder forms of hypertension.
plaque ≥1 mm 2 in area with a density of >130 Hounsfield units from the aortic hiatus to the iliac bifurcation on noncontrast CT images ( Figure 1A , 1B, 1B 0 , 1C, and 1C 0 ). The total volume of the delineated AAC was then automatically calculated with semiautomatic software (Workstation AW server viewer, version 2.0; GE Medical Systems). Volumes of AAC were not adjusted for calcium density. Patients were classified into tertiles by AAC volume ( Figure 1D through 1I ). All measurements were performed by a trained radiologist blinded to randomization and the 6-month BP results. Withinand between-observer reproducibility was assessed for AAC volume in a sample of 20 randomly selected patients.
Hemodynamic Assessments
Supine office BP, 7-day seated home BP, and 24-hour ambulatory BP (Spacelabs 90207 monitor; Spacelabs Healthcare) measurements were performed before randomization and at 6 months, as described previously. 1 ISH at baseline was defined as a daytime SBP ≥135 mm Hg and a daytime diastolic BP <85 mm Hg. Aortic stiffness was estimated through carotid-femoral pulse wave velocity (PWV) measured with a Sphygmocor device (AtCor Medical Pty. Ltd; n=82) or with a Complior device (Alam Medical; n=8). PWV was measured over 30 minutes in supine position along the descending thoracoabdominal aorta by the validated foot-tofoot velocity method (mean of 3 measurements). 12 Real travel distance was used (0.89direct travel distance) to assess PWV, as recommended. 12 PWV measured with a Complior device was converted using the following formula: PWV Sphygmocor=2.335+1.3639PWV Complior. 13 
Biological Assessments
We estimated eGFR from plasma creatinine concentration, using the MDRD (Modification of Diet in Renal Disease) formula. 14 Full adherence to SSAHT at 6 months was assessed by determinations of drug concentrations in plasma or urine, as described previously. 
Results
In total, 90 of the 106 patients randomized in the DENERHTN study took part in the CT substudy: 42 of 53 in the RDN group and 48 of 53 in the control group (Figure 2 had no visible AAC on CT scans. The patients in the upper 2 tertiles for AAC volume were significantly older and more likely to smoke and to have type 2 diabetes mellitus, hyperlipidemia, ISH, and obstructive sleep apnea than the patients in tertile 1 ( Table 1) . They were also more likely to be male and white, with a history of cardiovascular events, including stroke, lower eGFR, and higher urinary albumin:creatinine ratio. The patients in the second and third tertiles for AAC volume had the highest daytime and 24-hour ambulatory pulse pressure and PWV, with no difference between these 2 subgroups (Table 1) . A similar but nonsignificant trend was observed for all other hemodynamic parameters. 
BP Response to RDN Plus SSAHT and SSAHT Alone at 6 Months by Tertile for AAC Volume
Regardless of tertile for AAC volume, there were no significant differences in baseline characteristics between the RDN and control groups (Table 2) , and these characteristics were similar to those previously reported for the DENERHTN study. Table 2 ). We previously showed that at 6 months follow-up, RDN combined with a median number of 5 drugs of the SSAHT significantly reduced daytime (primary end point), nighttime, and 24-hour ambulatory SBP by %6 mm Hg more than with 5 drugs of the SSAHT alone, regardless of AAC volume tertile. 1 The proportion of patients with full adherence to the SSAHT at 6 months did not differ significantly between the 2 groups (51.3% for RDN group versus : 50.0% for control group; P=0.9093).
Two contrasting patterns were observed in the analysis of BP response by AAC volume tertile. Indeed, the baselineadjusted difference in the change in daytime ambulatory SBP from baseline to 6 months between the RDN and control groups was À10.1 mm Hg (95% CI, À20.0 to À0.2 mm Hg, P=0.0462) for the patients in tertile 1 but only À2.5 mm Hg (95% CI, À9.9 to 4.9 mm Hg, P=0.4987) for the patients in combined tertiles 2 and 3 (Table 3) . A similar but nonsignificant trend was observed for the baseline-adjusted difference in the change in nighttime and 24-hour ambulatory SBP according to AAC volume tertile (Table 3) . Changes in daytime ambulatory SBP from baseline are shown in Figure 3 . We observed no significant difference in the change from baseline to 6 months for ambulatory diastolic BP and heart rate between the RDN and control groups, according to AAC volume tertile (Tables 4 and 5 ).
The number of antihypertensive drugs prescribed at 6 months did not differ significantly between the RDN and control groups for any of the AAC volume tertiles Relationship Between the BP Response to RDN Plus SSAHT and SSAHT and eGFR Changes, by Tertile for AAC Volume Regardless of tertile for AAC volume, we previously reported a similar decrease in eGFR in both the RDN and control groups by about 5 mL/min per 1.73 m 2 at 6 months follow-up. However, the analysis of the renal response to RDN by AAC volume tertile revealed 2 contrasting patterns for the BP response. Indeed, eGFR remained stable in the patients in tertile 1 who underwent RDN but decreased significantly in the other 3 subgroups (Table 6 ). The baseline-adjusted difference in the change in eGFR from baseline to 6 months between the RDN and control groups was +10.5 mL/min per 1.73 m 2 (95% CI, +2.2 to +18.8; P=0.0148) in the patients in tertile 1 and À3.8 mL/min per 1.73 m 2 (95% CI, À10.6 to 3; P=0.2640) in the patients in combined tertiles 2 and 3 (Table 6 ). We plotted eGFR changes in response to the BP changes by AAC volume tertile for the RDN and control groups ( Figure 5 ). The RDN-induced decrease in daytime ambulatory SBP, which was greatest in the patients of tertile 1, was associated with no change in eGFR at 6 months ( Figure 5) . Conversely, the decrease in daytime ambulatory SBP was associated with a decrease in eGFR in the other subgroups ( Figure 5 ).
There was no significant change in urinary albumin: creatinine ratio during follow-up, and the difference between groups and within each stratum of AAC volume was not significant (not shown).
Discussion
This post hoc exploratory analysis of the DENERHTN trial investigated the impact of AAC burden, as assessed by pre-RDN abdominal CT scans, on 6-month ambulatory BP and eGFR responses to RDN and SSAHT in patients with resistant hypertension. Our results show that the combination of RDN and SSAHT reduced 6-month daytime ambulatory SBP significantly more strongly (by %10 mm Hg) than the same SSAHT alone in the patients with the lowest AAC volumes (tertile 1, range: 0-0.122 cm 3 ). In contrast, the difference in the change in daytime ambulatory SBP between the RDN and control groups was much smaller (%2-3 mm Hg) and not significant in patients with greater atherosclerotic burden (tertiles 2 and 3 for AAC volume). The change in eGFR from baseline to 6 months in response to RDN was also influenced by AAC burden. Indeed, eGFR remained stable in the patients in tertile 1 who underwent RDN (+2.5 mL/min per 1.73 m 2 )
but decreased in the other 3 subgroups (by %4-8 mL/min per 1.73 m 2 ). These preliminary results suggest that measurement of AAC burden on abdominal CT scans without contrast staining before RDN may be a new predictor of shortterm BP and renal responses to RDN. We report the first quantification of AAC burden in a population of patients with resistant hypertension selected for the DENERHTN trial. AAC has been studied extensively in other clinical settings, including patients with high cardiovascular risk or chronic kidney disease, 15, 16 and the extent of these calcifications has been associated with a poor cardiovascular and renal prognosis. 14, 15 The radiological methods used in these studies included qualitative or semiquantitative measurements of AAC burden on lateral lumbar x-rays, aortic angiograms, and CT scans. [17] [18] [19] In the DENERHTN study, we performed an abdominal CT scan (or MRI in a few cases, n=7) for patients with resistant hypertension before randomization to exclude secondary hypertension and to assess the suitability of the renal artery anatomy for RDN. All CT scans were sent to the imaging core laboratory, where the volume of AAC was measured on noncontrast images, with semiautomatic software, with good within-and between-observer reproducibility, as reported in other studies. 7, 19 About 80% of our patients with resistant hypertension confirmed by ambulatory BP monitoring had visible AAC. Median AAC volume was 0.438 cm 3 , but there were considerable differences between patients (0-11.100 cm 3 ). This prevalence of AAC is higher than that reported in a large, independently living, middle-aged, and mostly asymptomatic US population of 6456 participants (28% with hypertension) in whom the prevalence of AAC was 54.3% on noncontrast CT imaging. 20 Our results also expand those of a small study reporting AAC volume on CT scan to be greater in 15 patients with Figure 3 . Individual changes in daytime ABPM, by tertile, for abdominal aortic calcification in the RDN group and in the control group, after treatment-resistant hypertension or with ISH than in normotensive participants. 6, 7 The baseline clinical and biological characteristics of our patients with resistant hypertension and the highest AAC burden were consistent with previous reports from normotensive and hypertensive cohorts. 7 These patients tended to be older, with a history of smoking, type 2 diabetes mellitus, hyperlipidemia, obstructive sleep apnea, and prior cardiovascular events, and they were more likely to have a lower eGFR. As expected, higher AAC volume was also associated with greater arterial stiffness, as shown by the higher carotid-femoral PWV and ambulatory pulse pressure and, consequently, a higher proportion of patients with ISH in tertiles 2 and 3 than in tertile 1 at baseline. The pathophysiological mechanisms underlying the development of arterial calcifications involving the abdominal aorta are complex and multifactorial. 16 The principal finding of our post hoc analysis was that AAC burden influences both the systemic and renal hemodynamic responses to RDN at 6 months, regardless of the number of antihypertensive drugs used or adherence to the SSAHT, which were similar for all AAC tertiles. Indeed, the largest significant difference in the change in daytime ambulatory SBP in favor of RDN (À10 mm Hg) was observed in the patients in tertile 1, those with the lowest atherosclerotic burden. Conversely, RDN was less effective at lowering BP relative to the control group (À2.5 mm Hg) in patients with the highest AAC burden (tertiles 2 and 3). The apparently greater ambulatory SBP response to the SSAHT alone in the patients in combined tertiles 2 and 3 than in those of tertile 1 can be explained, in part, by the higher ambulatory SBP of these patients at baseline (see Table 3 ). The weaker BP response to RDN in the patients with the greatest AAC burden is consistent with the lower office and ambulatory BP reported in patients with ISH than in those with both systolic and diastolic hypertension. 9, 10 However, despite the higher frequency of ISH in the patients in tertiles 2 and 3 for AAC volume than in those in tertile 1, these 2 conditions were not strictly superimposable. Indeed, 20% of patients with ISH had no visible AAC, and %70% of the patients with the highest AAC burden (tertiles 2 and 3) had combined systolic and diastolic hypertension without ISH; only 30% of the patients had both conditions (ISH and a high AAC burden). The presence of AAC is a BP-independent marker of aortic stiffness and thus of vascular aging 7 that also takes into account the overall extent of atherosclerosis burden and is associated with a risk of poor cardiovascular outcome. 11 In our study, high AAC volume was an integrative biomarker of the multiple factors associated with lower efficacy of RDN for lowering BP. These factors included older age, 21 ISH, 9,10 lower GFR, 21 and vascular stiffness. 22 Conversely, the larger BP response to RDN than to SSAHT in patients with little or no AAC, and thus less vascular remodeling, may reflect the predominant contribution of the renal sympathetic drive to the pathophysiology of resistant hypertension in these patients, who tend to be younger and to have fewer comorbid conditions, consistent with the results of renal norepinephrine spillover experiments. 23 The relationship between daytime ambulatory SBP decrease and the change in eGFR at 6 months also differed between the AAC volume tertile subgroups. Indeed, eGFR was found to remain stable 6 months after RDN in the patients in tertile 1, who displayed the largest decrease in BP. Conversely, eGFR decreased in parallel with BP in the other 3 subgroups. A small decrease in eGFR is usually observed in the context of better BP control in patients with hypertension, due to intraglomerular pressure reduction. 24 In cases of longstanding hypertension, microvascular disease is observed in the kidney, characterized by a blunted vasoconstrictive or vasodilatory capacity of the preglomerular afferent arterioles in response to changes in renal perfusion pressure; therefore, any change in systemic and renal pressure is associated with a proportional change in GFR. 8 This phenomenon is exacerbated in the presence of AAC and aortic stiffening, which induce the transmission of abnormally high pulsatile stresses in renal microvessels. 25, 26 In this pathophysiological context, the maintenance of eGFR despite a large decrease in BP suggests that the addition of RDN to SSAHT including a reninangiotensin system blocker and a calcium channel blocker (acting on postglomerular and both pre-and postglomerular resistances, 27 respectively) may have induced specific and subtle renal hemodynamic changes detectable only in the patients with the lowest AAC burden, as expected from experimental models. 28, 29 A small cohort study reported an increase in renal artery mean flow 6 months after RDN, as assessed by 3-dimensional magnetic resonance angiography. 30 In addition, renal vascular resistance has been shown to decrease 3 to 6 months after RDN in patients with resistant hypertension, 31, 32 with no significant increase in renal perfusion detectable on MRI 33 or improvement in renal oxygenation, as determined by blood oxygen level-dependent MRI. 32 However, in a small cohort study of 27 patients with stage 3 or 4 chronic kidney disease, the annual decrease in eGFR was slightly smaller after than before RDN, and this effect was accompanied by a significant decrease in office BP. 34 These mixed renal effects of RDN may be caused by (1) incomplete RDN, (2) the absence of a control group, or (3) the heterogeneity of the patients, because none of the studies checked for an influence of AAC burden, even though they included patients with chronic kidney disease. 
Study Limitations
The limitations of the DENERHTN trial have been discussed elsewhere. 1 The limitations of this post hoc analysis include its exploratory nature, allowing only hypothesis-generating conclusions to be drawn. Other limitations include the following: (1) The study was not designed to explore the underlying pathophysiologic mechanisms of the differential hemodynamic and renal effects of RDN according to atherosclerotic burden, and thus GFR and renal plasma flow were not measured with exogenous markers; (2) none of the patients had baseline eGFR values <40 mL/min per 1.73 m 2 ;
(3) we cannot fully exclude a "Hawthorne" effect, because there was no sham group. 37 However, the differential BP and renal responses to RDN 6 months after baseline, according to AAC volume tertile, were not confounded by differences in the number of renal ablations in the RDN groups, the number of antihypertensive drugs prescribed at 6 months in any of the subgroups, or adherence to SSAHT at 6 months, as assessed by drug detection in the urine or plasma in any of the subgroups. However, the technical success of renal nerve ablation with the Symplicity catheter might vary, resulting in variable degrees of renal nerve damage that can be an independent contributor to the BP response. The large differences in BP and renal responses to RDN between tertiles for AAC volume suggest (1) that AAC burden influences the BP and renal responses to RDN and (2) that their measurements on pre-RDN noncontrast abdominal CT scan should be included in ongoing clinical trials. However, our thresholds of AAC volume are not directly applicable to other populations of patients because they rely on the CT scan, the image characteristics, and the software used to detect and measure AAC. Consequently, each center should determine its thresholds of AAC volume.
Conclusion
This post hoc exploratory analysis of the DENERHTN trial taking into account the AAC burden, as assessed by a semiautomatic method on pre-RDN noncontrast abdominal CT scans, suggested differential patterns of systemic and renal hemodynamic response to RDN in the short term. We found that the additional reduction in daytime ambulatory SBP achieved by adding RDN to SSAHT (1) was largest (%10 mm Hg) and statistically significant in patients with the lowest atherosclerotic burden and (2) was not associated with a decrease in eGFR. Further studies will be required to confirm these preliminary results and to determine whether the short-term renal hemodynamic effects of RDN in patients with a low atherosclerotic burden have a beneficial effect in the long term. A loss in eGFR of 9.3 mL/min per 1.73 m 2 at 3 years was observed in the SYMPLICITY HTN-1 cohort study, but this study did not take into account the AAC burden. 38 Because RDN appears to be associated with a limited risk of adverse events, 1, 35 randomized sham-controlled trials are currently under way to assess the efficacy of RDN for lowering ambulatory BP and its safety, with various radiofrequency-or ultrasound-based denervation catheters or externally delivered ultrasound technologies; the preliminary results of these studies are expected in 2018. 5 These trials include patients with resistant hypertension treated with standardized antihypertensive treatment regimens and with strict monitoring of adherence to treatment. However, they also include patients with milder forms of hypertension whose treatment with antihypertensive drugs could be stopped for a limited period. 39 Our results suggest that the evaluation of AAC burden on pre-RDN noncontrast CT scans should be part of the data collected during the trials to analyze the BP and eGFR results taking into account the AAC burden.
